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ABSTRACT
Context : Fast Radio Bursts are transient radio pulses from presumably compact
stellar sources of extragalactic origin. With new telescopes detecting multiple events
per day, statistical methods are required in order to interpret observations and make
inferences regarding astrophysical and cosmological questions.
Purpose: We present a method that uses probability estimates of fast radio burst
observables to obtain likelihood estimates for the underlying models.
Method : Considering models for all regions along the line-of-sight, including inter-
vening galaxies, we perform Monte-Carlo simulations to estimate the distribution of
the dispersion measure, rotation measure and temporal broadening. Using Bayesian
statistics, we compare these predictions to observations of Fast Radio Bursts.
Results: By applying Bayes theorem, we obtain lower limits on the redshift of
Fast Radio Bursts with extragalactic DM & 400 pc cm−3. We find that intervening
galaxies cannot account for all highly scattered Fast Radio Bursts in FRBcat, thus
requiring a denser and more turbulent environment than a SGR 1935+2154-like mag-
netar. We show that a sample of & 103 unlocalized Fast Radio Bursts with associated
extragalactic RM ≥ 1 rad m−2 can improve current upper limits on the strength of
intergalactic magnetic fields.
Key words: cosmology: observations – cosmology: large-scale structure of universe
– galaxies: intergalactic medium – galaxies: magnetic fields – polarization – radio
continuum: general
1 INTRODUCTION
Fast Radio Bursts Fast radio bursts (FRBs) are mil-
lisecond transient sources at ≈ 1 GHz with very high lu-
minosities, first discovered by Lorimer et al. (2007). Their
observed dispersion measure (DM) often exceeds the contri-
bution of the Milky Way (MW), suggesting an extragalactic
origin. FRBs have the potential to help answer many long-
lasting astrophysical and cosmological questions (e.g. Katz
2016; Ravi et al. 2019; Petroff et al. 2019, for reviews), pro-
vided theoretical predictions can be tested against observa-
tions. For this purpose, we present a Bayesian framework
to constrain models of FRB sources as well as the differ-
ent regions along their lines-of-sight (LoS): the intergalactic
medium (IGM), the host and intevening galaxies as well as
the local environment of the progenitor.
? E-mail: stefan.hackstein@hs.uni-hamburg.de
FRB progenitor Numerous models have been put for-
ward that explain the origin of FRBs. These models are col-
lected in the living theory catalog1 (Platts et al. 2018). Many
models assume that flares of young neutron stars cause shock
waves in the surrounding medium, where gyrating particles
emit coherent emission (Popov & Postnov 2010; Lyubarsky
2014; Murase et al. 2016; Beloborodov 2017; Metzger et al.
2019). Cataclysmic events usually consider interactions of
magnetic fields during the merger of two compact objects,
e. g. two neutron stars (Wang et al. 2016), or during the
collapse of a single object, e. g. neutron star to black hole
(Fuller & Ott 2015). The search for an FRB counter-part
proves elusive (Scholz et al. 2016; Bhandari et al. 2017;
Scholz et al. 2017; Xi et al. 2017), except for the possible
detection of a transient γ-ray counterpart to FRB131104
1 frbtheorycat.org
c© 2020 The Authors
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(DeLaunay et al. 2016) and a γ-ray burst with spatial coinci-
dence to FRB171209 (Wang et al. 2020), which both point to
magnetars (see also Metzger et al. 2017; Zanazzi & Lai 2020;
Li & Zhang 2020). Furthermore, the recent detection of a X-
ray flare from Galactic magnetar SGR 1935+2154, accom-
panied by a radio burst of millisecond duration consistent
with cosmological FRBs (Collaboration et al. 2020; Boch-
enek et al. 2020; Lyutikov & Popov 2020; Mereghetti et al.
2020), provides strong evidence for magnetars as sources of
FRBs, though these are required to be different from Galac-
tic magnetars (Margalit et al. 2020).
FRBs as cosmological probes The use of FRBs as cos-
mological probes has been discussed in several papers. FRBs
might be used to constrain the photon mass (Wu et al. 2016),
violations of Einstein’s equivalence principle (Wei et al. 2015;
Tingay & Kaplan 2016), Dark Matter (Mun˜oz et al. 2016;
Sammons et al. 2020; Liao et al. 2020) and cosmic curvature
(Li et al. 2018). Several publications discuss the use of DM-
redshift relation of either FRBs associated with γ-ray bursts
or localized FRBs to constrain the equation of state of dark
energy as well as other cosmological parameters (Zhou et al.
2014; Gao et al. 2014; Yang & Zhang 2016; Walters et al.
2018; Wu et al. 2020). Wucknitz et al. (2020) show how to
use gravitationally lensed repeating FRBs to constrain cos-
mological parameters (see also Wei et al. (2018); Jaroszynski
(2019)).
FRB localization Most methods to use FRBs as cosmo-
logical probes requires the localisation of a large number of
FRBs. However, the localization of sources of short-duration
signals without known redshift is difficult (Eftekhari &
Berger 2017; Mahony et al. 2018; Marcote & Paragi 2019;
Prochaska et al. 2019a). The current sample of known host
galaxies of five localized FRBs includes massive as well as
dwarf galaxies, with some showing high, others low rates
of star formation (Tendulkar et al. 2017; Ravi et al. 2019;
Bannister et al. 2019; Prochaska et al. 2019b; Marcote et al.
2020).
Here, we show how to use unlocalized FRBs with rea-
sonable assumptions on their intrinsic redshift distribution
to test models of FRBs and the intervening matter.
FRB redshift distribution Several researchers have
tried to infer the intrinsic redshift distribution of FRBs ei-
ther by modelling the distribution of DM and other FRB
properties with analytical or Monte-Carlo methods (Bera
et al. 2016; Caleb et al. 2016; Gardenier et al. 2019), or by
performing a luminosity-volume test (Locatelli et al. 2018).
They conclude that data sets from different telescopes dis-
agree on the redshift distribution.
There has been previous work to estimate the redshift
of individual FRB sources based on their DM (Dolag et al.
2015; Niino 2018; Luo et al. 2018; Walker et al. 2018; Pol
et al. 2019). The observed DM is dominated by the long
scales of the IGM already at low redshift, z . 0.1. However,
possible contributions by high-density regions (e.g. halos of
galaxies) or the local environment of the source can bias the
use of DM to infer the redshift of the source zFRB. Thus
earlier work has concluded that only upper limits on zFRB
can be derived based on DM.
FRBs as probe for intergalactic magnetic fields Some
FRBs show high levels of linear polarization, up to 100 per
cent (Michilli et al. 2018; Day et al. 2020). Their associ-
ated Faraday rotation measure (RM) contains information
on the traversed magnetic field. Akahori et al. (2016) and
Vazza et al. (2018) show that DM and RM of FRBs poten-
tially signal information about the intergalactic magnetic
field (IGMF). However, so far a detailed investigation of the
combined contribution of all other regions along the line of
sight is missing.
Magnetic fields in galaxies (e. g. Beck 2016) have been
investigated mainly using synchrotron emission via Faraday
rotation of background radio sources or RM Synthesis. How-
ever, due to limited sensitivity and angular resolution, ob-
serving galaxies and their properties becomes increasingly
difficult at high redshifts (Bernet et al. 2008; Mao et al.
2017).
Magnetic fields in clusters are of the order of 0.1−10 µG
(e. g. van Weeren et al. 2019). However, the strength and
shape of IGMFs in the low-density Universe is still poorly
constrained (e. g. Taylor et al. 2011; Dzhatdoev et al. 2018).
Current limits range from B . 4.4 × 10−9 G comoving
(Planck Collaboration et al. 2016) to B & 3 × 10−16 G
(Neronov & Vovk 2010).
In Hackstein et al. (2019), we developed a framework
to investigate the combined contribution to RM from all
regions along the LoS. We could show that this allows us
to tell apart extreme models for the origin of IGMFs. Here,
we refine the modelling of IGMFs and investigate how many
unlocalized FRBs observed with RM are required to improve
current constraints on IGMFs.
Intervening galaxies The LoS to a source at cosmologi-
cal distances has significant chances to traverse an additional
galaxy between host galaxy and the MW (e. g. Macquart
& Koay 2013). Due to the lower redshift, contributions to
the RM are probably even higher than for the host galaxy,
limiting our ability to probe IGMFs. However, intervening
galaxies are expected to dominate temporal smearing τ due
to the ideal position of the high-density plasma lense (Mac-
quart & Koay 2013). Here we investigate the use of τ to
identify LoS with intervening galaxies.
For this purpose, we have created the open-source
python software package PrEFRBLE(Hackstein 2020), us-
ing a framework of Bayesian inference, similar to Luo et al.
(2020) and Macquart et al. (2020). The observational mea-
sures investigated in this paper are shortly discussed in
Sec. 2. In Sec. 3, we summarize the statistical methods used
in PrEFRBLE. The different models are explained in Sec. 4.
A few possible applications of PrEFRBLE using FRBs in
FRBcat are presented in Sec. 5: Identification of intervening
galaxies is discussed in Sec. 5.1. We estimate the host red-
shift of unlocalized FRBs in Sec. 5.2. In Sec. 5.3 we show
how to infer the IGMF from DM and RM of unlocalized
FRBs. Finally, we conclude in Sec. 6. A list of all symbols
used throughout the paper is shown in Tab. 2. Explanations
of subscripts can be found in Tab. 3.
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2 OBSERVABLES
2.1 Dispersion measure
When propagating through plasma, radio waves are dis-
persed, causing a delay in arrival time that scales with the
squared wavelength (e. g. McQuinn 2013). This delay is
quantified by the frequency-independent DM, defined as the
free electron column density
DM =
∫ d
0
( ne
cm−3
) ( dl
pc
)
pc cm−3, (1)
i. e. the number of free electrons per unit volume ne along the
LoS to distance d. Due to their large volume filling factor in
the cosmic web, filaments, walls and voids contribute most
of the DM by the IGM, while galaxy clusters account for
only ∼ 20 per cent of DMIGM (Zhu et al. 2018). Thus, DM
can be used to infer the distance to the FRB (Dolag et al.
2015; Niino 2018; Luo et al. 2018; Walker et al. 2018; Pol
et al. 2019).
2.2 Faraday rotation measure
Linearly polarised radio waves that travel through a mag-
netised plasma experience a rotation in their polarization
angle. This is quantified by the frequency-independent RM,
defined as the column density of free electrons times mag-
netic field along the LoS B‖,
RM ≈ 0.81
∫ 0
d
( ne
cm−3
) (B‖
µG
) (
dl
pc
)
rad m−2. (2)
However, significant contributions to the RM are expected
from all regions along the LoS (e. g. Hackstein et al. 2019),
which complicates their interpretation.
RM can be positive and negative, thus contributions
from separate regions may cancel each other out. This is
considered in the numerical computation of results for the
full LoS (Eq. (9)).
2.3 Temporal smearing
Inhomogeneities in a turbulent plasma can partly scatter
radio waves off and back onto the LoS. Multipath propaga-
tion creates a partial delay of the signal, causing temporal
smearing τ of short pulses, as well as angular scattering θscat
of the observed signal. However, τ strongly depends on the
wavelength of the scattered wave. It can be calculated by
the frequency-independent scattering measure (SM), which
is defined as the path integral over the amplitude of the
turbulence per unit length, C2N , (Macquart & Koay 2013)
SM =
∫ l+∆l
l
(
C2N
1 m−20/3
)(
dl
1 kpc
)
kpc m−20/3. (3)
For objects that are part of the Hubble flow, it is convenient
to define the effective scattering measure
SMeff =
l+∆l∫
l
C2N (1 + z)
−2dl, (4)
that refers all quantities back to the observers frame. Mac-
quart & Koay (2013) give an estimate for the amplitude of
Kolmogorov turbulence inside of galaxies
C2N,gal = 1.8×10−3
( ne
10−2 cm−3
)2( L0
0.001 pc
)−2/3
m−20/3.
(5)
We follow the argument of Macquart & Koay (2013) and
assume a fully modulated electron density, δne ≈ ne, and
that the power spectrum of turbulence follows a power law
with index β, hence C2N ∝ 〈δn2e〉Lβ−30 = 〈ne〉2Lβ−30 . For a
power law with sufficient range, i. e. inner scale l0  L0,
SM is determined by the outer scale of turbulence L0.
Future observations of FRBs may provide observed SM
by comparing θscat and τ at different frequencies. However,
FRBs available in the FRBcat catalog (Petroff et al. 2016)
provide only observed τ for the dominant frequency of the
burst. Extracting SM from τ requires assumptions on the
redshift of source and scattering medium. Hence, by directly
predicting τ instead of SM, comparison to observations
relies on fewer assumptions.
According to Macquart (2004), the temporal smearing
can be approximated by a thin screen approximation, even
for media extended along the LoS. For radio signals with
wavelength λ0, scattered by a medium at redshift zL, Mac-
quart & Koay (2013) provide a numerical expression for the
scattering time
τ = 1.8×108 ms
(
λ0
1 m
) 22
5
(1+zL)
−1
(
Deff
1 Gpc
)(
SMeff
kpc m−20/3
) 6
5
(6)
with effective lensing distance Deff =
DLDLS
DS
, i. e. the ra-
tio of angular diameter distances observer to source DS ,
observer to scattering medium DL and medium to source
DLS 6= DS−DL. This result requires that l0 is smaller than
the length scale of plasma phase fluctuations rdiff . Numeri-
cal tests show, that for the frequencies of FRBs considered
in this paper, rdiff > l0 ≈ 1 AU always (See App. A).
We compute results for λ0 = 0.23 m, corresponding
to a frequency ν ≈ 1300 MHz. Temporal scattering at
other wavelengths, λ, can simply be computed in post-
processing, by applying a global factor of (λ/λ0)
22
5 . Con-
sidering that SMeff ∝ (1 + z)−2, Eq. (6) implies tempo-
ral scattering occurring within the host galaxy, computed
once assuming zFRB = 0, e. g. for the redshift independent
model of the local environment, scales with source redshift
as τ(zFRB) ∝ (1 + zFRB)− 175 .
3 PrEFRBLE
PrEFRBLE2, “Probability Estimates for Fast Radio Bursts
to model Likelihood Estimates”, is an open-source Python
software package designed to quantify predictions for the
RM, DM and SM of FRBs and compare them to observa-
tions (Hackstein 2020). The results can be used to obtain
estimates of the likelihood of models of progenitors of FRBs
as well as the different regions along their LoS.
2 github.com/FRBs/PreFRBLE
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Model likelihood We model the contribution of individ-
ual models using Monte-Carlo simulations. The distribution
of predicted measures v(θ), sampled randomly according to
a prior distribution pi(θ) of model parameters θ, reflects the
expected likelihood to observe a given measure, L(v|M), to
which we refer as model likelihood. L(v|M) is also known
as model evidence or marginal likelihood function, as it is
marginalised over any model parameters, i.e.
L(v|M) =
∫
L′(v|M, θ)pi(θ) dθ. (7)
A detailed description of the Monte-Carlo simulations for
the individual models are presented in Sec. 4.
We often use a logarithmic range for the values de-
scribed by L, resulting in an uneven binning of results. When
visualising the model likelihood, we either plot the comple-
mentary cumulative likelihood, L(> x) =
∫∞
x
L(x) dx, or
the product, L(x) · x, which is a physical value and not af-
fected by binning.
Combine models of separate regions We consider the
contribution from the following regions along the LoS of
FRBs: the local environment of the progenitor, the host and
intervening galaxies, the IGM. However, we neglect the fore-
grounds of the MW and the Earth’s ionosphere. All of these
regions are described by separate models. When provided in
the form of likelihoods L(measure|model) – normalized to
1 =
∫
L(v|M)dv – the prediction of separate regions can be
combined to realistic scenarios via convolution
vEG = vLocal + vHost + vIGM, (8)
LEG = LLocal ∗ LHost ∗ LIGM. (9)
This way, we predict the distribution L(vEG|z) of the ex-
tragalactic component of the observed measures vobs =
vMW + vEG from FRBs at some redshift z, which can be
compared to observations of localized FRBs with carefully
subtracted Galactic foregrounds vMW.
In practice, the convolution of likelihoods is obtained by
adding samples of identical size for each L and computing
the likelihood of the resulting sample. The size of this sample
is chosen to be the smallest size of samples used to compute
individual L, usually N ≈ 5 · 104 (see Sec. 4.1). The error
of the convolution is given by the shot-noise of this sample.
This is a more conservative estimate than following Gaussian
error propagation of individual deviations.
For some regions, e.g. intervening galaxies (Sec. 4.3),
the norm of L is < 1, representing the likelihood of no con-
tribution. For computation of the convolution, we consider
an amount of 1−norm of events in the corresponding sample
to be equal to zero.
Some measures (e.g. RM) can have a positive or neg-
ative sign, allowing for contributions from different regions
to cancel each other. To account for that, each value in the
sample of the logarithmic distribution is attributed a ran-
dom algebraic sign.
Likelihood of observation The majority of FRBs is not
localised and the source redshift, z, is unknown. However,
by assuming a distribution of host redshifts, a prior pi(z),
described in Sec. 4.5, we obtain the distribution of some
measure, v, expected to be observed,
L(v) =
∫
pi(z) L(v|z) dz. (10)
These predictions can be directly compared to observations.
In App. B we show the expected contribution of individual
models to the signal observed by several instruments.
Multiple measures For the observation of an event with
a single measure, v, the likelihood for this to occur in a model
M is the corresponding value of the likelihood L(v|M), ob-
tained in Eq. (10). However, when considering multiple mea-
sures vi, e.g. DM and RM, from the same event, we have to
account for their common redshift. Instead of multiplying
their individual likelihoods L0(v0)×L1(v1), as would be done
for separate events, the likelihood of the second measure is
thus factored into the integral in Eq. (10),
L(~v) =
∫
pi(z) L0(v0|z) L1(v1|z) dz =
∫
pi(z)
∏
i
Li(vi|z) dz.
(11)
This way we use the full information provided by an obser-
vation with measures vi instead of reducing it to a ratio of
measures (cf. e.g. Akahori et al. 2016; Vazza et al. 2018; Piro
& Gaensler 2018).
Bayes factor The model likelihood computed for a sin-
gle model does not hold any information on its own. In-
stead, comparing the likelihoods of competing models al-
lows to identify the best-fit candidates and to rule out less
likely models. The Bayes factor B is defined as the ratio
of the marginal likelihoods of two competing models (e.g.
Boulanger et al. 2018),
B(v|M1,M0) = L(v|M1)
L(v|M0) . (12)
It quantifies how the observation of v changes our corrob-
oration from model M0 relative to M1. By comparing all
models to the same baseline model M0, comparison of B
is straight forward. B < 10−2, i. e. 100 times less likely, is
usually considered decisive to rule out M1 in favour of M0
(Jeffreys & Jeffreys 1961).
According to Bayes theorem,
P (M|v) ∝ L(v|M)pi(M), (13)
in order to arrive at the ratio of posteriors P , B has to
be multiplied by the ratio of priors pi of the models, which
quantifies our knowledge due to other observational and the-
oretical constraints. However, the results of our approximate
Bayesian computation should only be used for identification
of trends rather than model choices, which need to be con-
firmed by further analysis (cf. Robert et al. 2011).
4 MODELS
In this section, we explain how to quantify the contributions
from the different regions along the LoS. In our benchmark
scenario, we assume FRBs to be produced around magne-
tars, hosted by a representative ensemble of host galaxies.
We consider contributions of the IGM as well as a represen-
tative ensemble of intervening galaxies and their intersection
MNRAS 000, 1–22 (2020)
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probabilities. Finally, we consider the expected distribution
of host redshifts for FRBs observed by different telescopes.
4.1 Intergalactic medium
We estimate the contributions of the IGM using a con-
strained cosmological simulation that reproduces known
structures of the local Universe, such as the Virgo, Centau-
rus and Coma clusters. This simulation was produced us-
ing the cosmological magnetohydrodynamical code ENZO
(Bryan et al. 2014) together with initial conditions obtained
following Sorce et al. (2016). The simulation starts at red-
shift z = 60 with an initial magnetic field, uniform in norm
and direction, of one tenth of the maximal strength allowed
by CMB observations of PLANCK (Planck Collaboration
et al. 2014), i. e. B0 ≈ 0.1 nG comoving. Hence, this simula-
tions is called primordial. Structure formation and dynamo
amplification processes are computed up until redshift z = 0,
providing us with a realistic estimate of the structure of IGM
and residual magnetic fields at high redshift as well as for
the local Universe. The constrained volume of (250 Mpc/h)3
that resembles the local Universe is embedded in a full simu-
lated volume of (500 Mpc/h)3, in order to minimize artifacts
from boundary conditions. The adaptive mesh refinement
applied in the central region allows to increase resolution
in high-density regions by 5 levels to a minimum scale of
≈ 30 kpc. Further information on this model can be found
in Hackstein et al. (2018) and Hackstein et al. (2019). A re-
duced version of this model can be found on crpropa.desy.de
under “additional resources”, together with the other models
probed in Hackstein et al. (2018).
Probability estimate We extract the simulation data
along different LoS, using the LightRay function of the
Trident package (Hummels et al. 2017). This returns the
raw simulation output of all physical fields within each cell
of the LoS. The distribution of results from all LoS to the
same redshift z is used to assess the likelihood of measures
for FRBs hosted at this redshift, e.g. L(DMIGM|zFRB). With
≈ 50000 LoS, likelihoods above 1 per cent have a shot noise
below 0.05 per cent.
Cosmological data stacking The cosmological simula-
tion provides snapshots at several redshifts, namely zsnaps ∈
[0.0, 0.2, 0.5, 1.5, 2.0, 3.0, 6.0]. To extract LoS, we stack the
data (e.g. Da Silva et al. 2000; Akahori et al. 2016). As
the path lengths of LoS within a redshift interval exceeds
the constrained comoving volume of (250 Mpc/h)3, we com-
bine randomly oriented segments until the redshift interval
is completed. The segments in a snapshot are computed for
redshifts above zsnaps. This implies that the increased clump-
ing of matter, expected at the end of a redshift interval, is
also assumed for higher redshifts within the same interval,
which may slightly over-estimate (within a factor . 2) the
local matter clustering there, as well as the predictions for
RM, SM and τ . However, given that the DM is mostly due
to IGM in voids, walls and filaments (e.g. Zhu et al. 2018),
effects from over-estimation of matter clustering are negligi-
ble.
Intergalactic DM We obtain the proper free electron
number density ne = ρ/(mp µe) from the gas density ρ with
Figure 1. 〈DMIGM〉 (top) and 〈RMIGM〉 (bottom) as function
of source redshift z as obtained from IGM simulation (solid-
blue) compared to parametrization (dashed-green & dotted-red)
and theoretical prediction obtained via Monte-Carlo simulation
(dash-dot-orange). For consistent comparison to estimates follow-
ing Pshirkov et al. (2016), we use fIGM ≈ 0.83, lc = 1 Mpc and
B0 = 0.1 nG.
proton mass mp and molecular weight of electrons µe =
1.16, assuming that hydrogen and helium in the IGM are
completely ionized, a common assumption after the epoch
of reionization. With this, we compute the DM along the
LoS using
DM(zFRB) =
d(zFRB)∫
0
ne(z) (1 + z)
−1 dl(z). (14)
The distribution of results along several LoS provides the
expected likelihood of DM from sources at redshift zFRB,
L(DMIGM|zFRB). From this we can compute the estimated
mean value
〈DM〉(z) =
∫
DM× L(DM|z) dDM. (15)
The 〈DM〉-redshift-relation obtained from the IGM simula-
tion is in good agreement with (cf. Niino 2018; Connor 2019)
〈DM〉 = z × 1000 pc cm−3, (16)
as well as with the predictions obtained following Pshirkov
et al. (2016). For the latter, we perform a Monte-Carlo simu-
MNRAS 000, 1–22 (2020)
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lation, where we divide the LoS in segments of Jeans-length
size and pick random ne from a log-normal distribution ac-
cording to Eq. 2 in Pshirkov et al. (2016). In Fig. 1 we com-
pare these numerical expectations with theoretical expecta-
tions of DM for FRBs at cosmological distance with uniform
IGM
〈DM(z)〉 = cρcritΩbfIGM
mpµeH0
∫
(1 + z)
H(z)
dz, (17)
with Hubble parameter H(z) and H0 = H(z = 0). We use
the critical density ρcrit and baryon content of the Universe
Ωb from Planck Collaboration et al. (2014).
IGM baryon content The results of our constrained
simulation agree well with Eqs. (16) and (17) if we assume
that a fraction fIGM = 1 of baryons resides in the IGM.
This is expected as the limited resolution of the simulation
does not allow us to properly resolve galaxy formation and
the condensation of cold gas out of the IGM. However, it is
estimated that in the local Universe about 18 ± 4 per cent
of baryonic matter is in collapsed structures (Shull et al.
2012). The 7 ± 2 per cent of baryons found in galaxies are
accounted for in the other models in Sec. 4.4 - 4.3. In order
to conserve the amount of baryons in our consideration, we
have to subtract this part from fIGM and adjust results of
our constrained simulation accordingly,
L(DM|fIGM) = fIGM × L(fIGM ×DM). (18)
Pshirkov et al. (2016) assume ne = 1.8×10−7 cm−3 at z = 0,
which implicitly assumes fIGM ≈ 0.83. We choose this value
to compute the other graphs in Fig. 1.
Intergalactic RM The contribution to RM scales with
the electron density times the magnetic field strength. Ac-
counting for cosmic expansion,
RM(zFRB) =
d(zFRB)∫
0
B‖ ne(z) (1 + z)
−2 dz. (19)
In Fig. 1 we compare results to theoretical predictions ob-
tained following Pshirkov et al. (2016). The LoS magnetic
field is obtained assuming that B ∝ n2/3e , with a random
change in direction after several Jeans lengths, which is
assumed to be the coherence length. We use a correlation
length of lc = 1 Mpc and B0 = 0.1 nG, in order to match
the settings of the constrained simulation primordial. The re-
sults agree sufficiently well. The estimates following Pshirkov
et al. (2016) assume a steeper B ∼ ne relation than the
constrained simulation, thus show slightly lower 〈RM〉 for
0.5 . z . 2.0, while the more realistic history of mag-
netic fields at higher redshift account for the decreased slope
z & 1.5.
Regardless of the magnetic field strength, low-density
regions contribute very little to the observed signal, i.e. 1
per cent of RMIGM, making them hard to be detected and
easily overshadowed by other regions along the LoS. Hence,
〈RM〉 is not a direct measure of IGMFs in voids. A more
detailed discussion on this matter can be found in App. C.
Given the present lack of available observational de-
tections of extragalactic magnetic fields beyond the scale
of clusters of galaxies, there is a large uncertainty in the
strength of magnetic fields at higher over-densities, even up
Figure 2. Median magnetic field strength B as function of gas
density ρ. The solid lines represent MHD simulations of extreme
scenarios, i. e. primordial magnetic field of maximum allowed
strength (primordial, blue) or minimum strength (astrophysical)
together with astrophysical dynamo processes and magnetic feed-
back of AGN. We parametrize this shape with Eq. (20). The dot-
ted lines represent different values of index α, indicated by the
colorbar. Constraints by Planck Collaboration et al. (2016) and
van Weeren et al. (2019) are indicated by the gray line and shade,
respectively.
to ρ/〈ρ〉 ≈ 200 (Vazza et al. 2017). While within galaxies and
galaxy clusters magnetic fields are known to be 0.1− 10 µG
(van Weeren et al. 2019), models for the origin and ampli-
fication of IGMFs differ in their predictions at intermediate
density scales, 10 < ρ/〈ρ〉 < 200 (e.g. Vazza et al. 2017),
associated with filaments and sheets, capable to imprint a
detectable signal on 〈RM〉. Still, investigation of L(RM) is
much more promising than 〈RM〉, as it allows for a more de-
tailed investigation of LoS crossing different regions of over-
density.
Model IGMFs By parametrizing the slope of the B-
ρ-relation at lower densities, based on different simulations,
we can evaluate different shapes and provide general con-
straints for models of the IGMF. This allows us to quantify
the likelihood for a variety of models based on a limited set
of parameters without having to perform new simulations.
A simple parametrization is
|B| = βρα, (20)
where we vary α and choose β accordingly to match the
simulated value at ρ/〈ρ〉 = 200. The magnetic field-density
relation for different α is shown in Fig. 2.
In order to estimate the LoS magnetic field B‖ accord-
ing to α, we use the ratio of relations in Fig. 2 as renormal-
ization factor for B‖ extracted from primordial, dependent
on the local over-density ρ/〈ρ〉 < 200. This procedure does
reasonably well in reproducing the statistics of other IGM
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simulations and allows for rapid investigation of an extensive
set of magnetic models. However, we do not explore different
magnetic field topologies this way.
Due to their overall similarity in the interesting 1 ≤
ρ/〈ρ〉 ≤ 200 range of density, as well as to minimise numer-
ical artifacts, we identify the primordial model with α = 1
3
,
which we use as the baseline to compute the renormalization
factor for other choices of α. α = 1
3
is thus representative
for the upper limit on IGMF strength provided by Planck
Collaboration et al. (2016), while α = 9
3
is representative
for the lower limit on IGMF strength provided by Neronov
& Vovk (2010). The range of α thus roughly brackets all
possible cases for the IGMF.
Intergalactic scattering To compute the effective SM,
as in Zhu et al. (2018), we assume that turbulence in the
IGM follows a Kolmogorov spectrum
SMIGM ≈ 1.42 · 10−13 kpc m−20/3
(
Ωb
0.049
)2(
L0
pc
)−2/3
(21)
×
d∫
0
(
ρ(z)
〈ρ〉(z)
)2
(1 + z)4
(
dl
kpc
)
.
Macquart & Koay (2013) state that L0 can lie between
0.001 pc and 0.1 Mpc. Zhu et al. (2018) require L0 ≈ 5 pc
in order to explain the τIGM = 1 − 10 ms scattering time
at 1 GHz to be produced by the IGM alone. However,
according to Lazio et al. (2008), the large scales available in
IGM would even allow for L0 ≈ 1 Mpc. Ryu et al. (2008)
investigate the IGM with hydrodynamical simulations
and find that typical cosmological shocks during structure
formation have curvature radii of the order of ∼ few Mpc
and represent the characteristic scale of dominant eddies.
We adopt the latter as a reference here, and assume a
constant L0 = 1 Mpc out to redshift 6. L0 can be varied
in post-processing, by applying a global factor, even if this
is beyond the scope of this paper. Still, for L0 = 1 Mpc,
contributions of the IGM to temporal smearing τ are much
lower than assumed in other work (e.g. Zhu et al. 2018).
The IGM is distributed along the entire LoS, barring
negligible parts within host galaxy and MW. Thus, to es-
timate τ (Eq. (6)), Deff should be of the order of half the
distance to the source, which would be the ideal position for
a hypothetical lens (Macquart 2004). For a possible source
redshift zFRB, we find the redshift zL of a hypothetical lens
that maximizes
Deff(zFRB, zL) =
DA(0, zL)DA(zL, zFRB)
DA(0, zFRB)
. (22)
We use the resulting values of zL and Deff in Eq. (6) to
calculate τIGM from SMeff obtained for FRBs at redshift
zFRB.
In practice, it is not necessary to calculate τIGM for each
LoS individually. Instead, Eq. (6) implies identical shape of
the likelihood for SMIGM and τIGM for sources at redshift
zFRB,
L(τIGM(SMIGM, zFRB)|zFRB) ∝ L(SMIGM|zFRB), (23)
where the integral over τIGM normalizes to 1.
4.2 Host galaxies
In this section, we describe the model for density and mag-
netic fields in galaxies.
4.2.1 Model description
Lacey et al. (2016) studied the evolution of galaxies with the
semi-analytic galaxy formation model Galform. Dark mat-
ter halos in an N-body simulation provide a halo merger tree.
Furthermore, these halos provide a seed for individual galax-
ies, whose formation is modelled using differential equations
for gas cooling, angular momentum and star formation. Us-
ing the evolution of halo properties, including their merger
history, they study the evolution of galaxies with a set of cou-
pled differential equations of global galaxy parameters that
correspond to well-defined astrophysical processes in galax-
ies, including AGN as well as stellar feedback. Lacey et al.
(2016) provide a set of best-fit initial parameters for galaxy
formation theory that reproduces the observed galaxy stel-
lar mass function Φ(M?, z), morphological fractions, stellar
metallicity, the Tully-Fisher relation as well as several lu-
minosity functions. The final output of the model is a large
sample of galaxies that represents the expected ensemble of
galaxies. For brevity, we will refer to set of time evolving
properties of an galaxy in Galform’s output as a ‘galaxy
model’.
The sample includes, both, central and satellite galax-
ies, where the latter corresponds to the most massive galaxy
after a halo merger. Since most stellar mass is concentrated
in the more massive central galaxies, there is small likelihood
for satellites to host FRBs. For simplicity, we thus consider
only central galaxies.
Model galactic magnetic field Rodrigues et al. (2019)
use the results presented by Lacey et al. (2016) with an op-
timised size-mass relation. They investigate the evolution of
magnetic fields for galaxies using the Magnetizer code (Ro-
drigues & Chamandy 2020), which numerically solves non-
linear turbulent mean-field dynamo theory (e.g. Beck et al.
1994; Arshakian et al. 2009; Chamandy et al. 2014), assum-
ing thin galactic discs and axial symmetry. For the small-
scale magnetic field, they assume that the energy density is
half of the interstellar turbulence energy density. This small-
scale field serves as a seed field for the large-scale magnetic
field and does not enter the computation of RM, for which
we only use the coherent field component produced by the
turbulent mean-field dynamo. These equations deliver radial
profiles of the strength of radial and toroidal components,
while the axial component is obtained via ∇ · ~B = 0. For
the dependence on the axial coordinate, the magnetic field
strength is assumed to be proportional to density, which de-
clines exponentially. This description of the coherent mag-
netic field allows to reconstruct the magnetic field along a
LoS of arbitrary orientation and, together with the radial
profile of free electron density, can be used to compute LoS
integrals through the galaxy.
Galaxy sample Rodrigues et al. (2019) provide a sam-
ple of a few million galaxies, in agreement with current ob-
servations (see Lacey et al. 2016). This sample represents the
ensemble of galaxies in the Universe, thus prior expectations
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pi() for distribution of galaxy properties , e.g. star forma-
tion rate, stellar population, metallicity, luminosity and cir-
cular velocity. The total stellar mass M? of these galaxies
ranges from 107 M to 1012 M. By different combinations
of disc and bulge properties, all morphologies of axisymmet-
ric galaxies can be reproduced. The sample thus includes spi-
ral, lenticular and elliptical galaxies, represented by spheri-
cal galaxy models, but does not include irregular or peculiar
galaxies, which account for only ≈ 5 per cent of galaxies.
Magnetic fields in Rodrigues19 sample A prediction
of Rodrigues et al. (2019) is that a significant number of
galaxies at z = 0, especially with low M?, have very weak
large-scale magnetic fields< 0.05 µG, because the conditions
for a large-scale galactic dynamo are not satisfied. They find
evidence for their claim in a sample of 89 galaxies compiled
by Beck & Wielebinski (2013).
Furthermore, Rodrigues et al. (2019) assume the large-
scale field to be destroyed completely by disc instabilities or
during a merger of galaxies of comparable mass. Hence, el-
liptical galaxies, that result from these processes, have weak
regular magnetic fields. Though, these fields can be amplified
to µG strength in a time scale of 2−3 Gyr (Arshakian et al.
2009), estimates of RM for elliptical galaxies with vanishing
coherent fields are mostly determined by numerical noise,
since only the large-scale magnetic field enters computation.
They are, thus, too low to provide a significant contribution
to observed RM. However, observations showed fluctuation
of mainly low RM with amplitude of order . 10 rad m−2
throughout elliptical galaxies (e.g. Owen et al. 1990; Clarke
et al. 1992). Thus, ellipticals are expected to not contribute
significantly to the observed RM. We hence argue that for
the purpose of statistical investigation of measurable RM,
the Rodrigues19 sample is well-suited to represent the en-
tire ensemble of galaxies.
4.2.2 Probability estimate
We obtain the likelihood L(DMhost|zFRB) for the contribu-
tion of an unknown host at redshift zFRB by a prior weighed
integral, e.g.
L(DMhost|z) =
∫
L′(DMhost|, z) pi(|z) d, (24)
where L(DMhost|, z) is the likelihood of the expected contri-
bution for an individual galaxy with properties  at redshift
z. The prior of  at z is denoted by pi(|z).
L′(DM|, z) = (1 + z)L((1 + z)DM |) (25)
is the likelihood of the signal as seen by the observer, com-
puted from the modeled expectation of residual DM. Similar
relations hold for SM and RM, that evolve as (1 + z)−2 (cf.
e.g. Hackstein et al. 2019).
Monte-Carlo simulation In practice, it is not neces-
sary to compute the full likelihood L(DM|) for each galaxy
model. Instead, we do a Monte-Carlo experiment and repeat-
edly pick a random axisymmetric model, inclination angle
and impact parameter. By choosing the sample according to
priors pi, the distribution of those results provides us with
the required likelihood.
For the impact parameter, we naturally assume uniform
pi, while the inclination is sampled from a cosine distribution,
expecting more galaxies face on, according to the orientation
of galaxies in the local supercluster (e.g. Hu et al. 1995; Yuan
et al. 1997). We assume FRBs to be produced by magnetars,
which are most likely found in the vicinity of star-forming
regions. Molecular gas, which allows for effective cooling, is
a good tracer of star-forming regions (e.g. Arce et al. 2007).
Along the LoS, defined by inclination and impact parameter,
we compute the integral to position of the source. The path
integral is computed only within an ellipsoid whose major
axis and disc size, respectively, are 3.5 times scale height and
2.7 times half-mass radius of a given galaxy model, which
marks the distance where surface mass density reaches 1 per
cent of the central value. The position of the source is picked
randomly according to the profile of molecular gas density.
The LoS is excluded, if it does not enter the galactic ellip-
soid or in case that the molecular gas density along the LoS
does not surpass a minimum value of ρmol & 10−37 g cm−3,
chosen for numerical reasons, which is too low to indicate
the possible habitat of magnetar FRB progenitors. For this
choice, the models are representative for the contribution
of stellar disks of galaxies. However, a physically motivated
certainly higher limit on ρmol would even more concentrate
the assumed distribution of source positions on the dense
part of their host galaxies and thus account for increased
contributions to the observed measures.
Furthermore, the likelihood for LoS to contain a pos-
sible FRB progenitor is proportional to the column density
of molecular gas. However we argue that this is dominated
by path length and the resulting likelihood function is well
reproduced by disregarding LoS with probability given by
the path length through the ellipsoid (see App. D) divided
by maximum path length, i. e. disk diameter.
The galaxy population modelled by Rodrigues et al.
(2019) represents theoretical prior expectations pi(|zFRB)
of the distribution of galaxy properties  at different source
redshifts zFRB. Sampling the entirety of this population nat-
urally accounts for this prior assuming that all types of
axisymmetric galaxies host FRBs. However, more massive
galaxies contain a greater number of stars, thus are more
likely to host FRB progenitors. To account for this, we mul-
tiply the prior of galaxies by their total stellar mass M?.
We pick a sample of ≈ 106 galaxy models and compute for
each a number of 10 LoS. The results for this sample of
≈ 107 LoS provides a converged estimate of the likelihood
for the host contribution, without knowledge of the inclina-
tion angle, source position or galaxy type. With this sample,
likelihoods above 1 per cent are accurate to less than 0.003
per cent.
4.2.3 Host scattering
To estimate the SM contributed by the host galaxy, we use
Eqs. (3) & (5). We set L0 = 0.1 kpc to the maximum size
of supernova remnants, before they drop below the sound
speed.
Finally, we calculate τ from Eq. (6). Obviously, zL is
identified with the redshift of the host galaxy zFRB. Inside
the host galaxy, the angular diameter distance to source and
plasma along the LoS are almost identical, DS ≈ DL. hence
Deff ≈ DLS . To estimate scattering in the host galaxy, Deff
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should be characteristic for the distance to the bulk of ma-
terial (Macquart 2004). A reasonable choice is half the path
length of LoS inside the host galaxy, obtained for the indi-
vidual LoS. The same choice is a fair approximation for scat-
tering in the MW. Here, we approximate the path length by
the redshift-dependent average size of galaxies of the probed
sample. This assumption yields a reasonable estimate on the
magnitude of τ , which is below< 10 ns, hence not observable
by current instruments.
4.3 Intervening galaxies
Model description The results of Rodrigues et al.
(2019), used to model the host galaxy in Sec. 4.2, can also
be used to model the contribution of intervening galaxies.
The expectation for a variety of galaxies can be computed
in the same manner, i.e. for a random inclination angle and
impact parameter we can compute LoS integrals through
the entire galaxy. By sampling the galaxy population of Ro-
drigues et al. (2019) at redshift zInter, we obtain the model
likelihood for contributions from intervening galaxies at this
redshift, L(RMInter|zInter). Of course, the impact parameter
and the inclination angle have a prior with uniform and co-
sine shape, respectively (cf. Sec. 4.2). However, we only con-
sider LoS within the ellipsoid representing the galaxy model,
which is considered to where it falls below 1 per cent of the
central surface mass density (cf. Sec. 4.2). Smaller galaxies
have less chance to intersect a LoS and in order to account
for this, we multiply the prior of galaxies by their squared
half-mass radius.
Intersection probability The mean number of intersect-
ing galaxies along a LoS to source at redshift zFRB can be
estimated by (Macquart & Koay 2013)
NInter(zFRB) =
zFRB∫
0
pir2gal ngal
dH(z)
(1 + z)
dz =
zFRB∫
0
piInter(z) dz,
(26)
with galaxy radius rgal, galaxy number density ngal and
Hubble radius dH(z). By definition, the complementary cu-
mulative galaxy stellar mass function yields the number den-
sity of galaxies as function of minimum mass M0
ngal(> M0, z) =
∞∫
M0
Φ(M?, z) dM?. (27)
By accounting for Φ(M?, z)) in the Rodrigues19 sample (see
Lacey et al. 2016), we obtain realistic contribution from
intervening galaxies of all M? > M0, independent on the
choice of M0.
We obtain ngal from the number of galaxies and con-
sidered volume of the Rodrigues19 sample and 〈rgal〉 as 2.7
times the average half-mass radius of galaxy models used
to sample L (cf. Sec. 4.2). Thus, 〈rgal〉 considers the galax-
ies weighted by their intersection probability ∝ r2gal. In Fig.
3, top, we show both, ngal and 〈rgal〉, as function of red-
shift. Galaxies increase their mass and volume over time,
thus 〈rgal〉 decreases with redshift. Mergers also reduce the
number of galaxies within a fixed volume, thus
dngal
dz
> 0.
However, we only consider galaxies with M? > 10
7M,
Figure 3. Top: comoving number density ngal and average half-
mass radius r1/2 of the considered galaxy sample as function of
redshift. Galaxies grow in average size (dr1/2/dz < 0), mostly due
to expansion and mergers, which also reduces their number in a
fixed volume (dngal/dz < 0), together determining the shape of
piInter(z). Note that we do not consider galaxies with stellar mass
M? < 107M, causing ngal to go down at high redshift. The
implicit number density assumed for galaxies with different mass
threshold are considered according to galaxy stellar mass function
and redshift evolution (see Lacey et al. 2016). Bottom: average
number of intervening galaxies (solid blue) in LoS to source at
redshift zFRB and prior (dotted green) for intervening galaxy at
z (Eq. (26)) per redshift interval dz = 0.1. The thin orange line
shows the expectation of Macquart & Koay (2013).
which have to grow from smaller galaxies at higher redshift
that we do not account for. Thus, ngal decreases at high
redshift. However, since we consider all galaxies > 107M,
independent of a brightness limit, ngal ≈ 0.03 Mpc−3 at
z = 0, significantly higher than assumed elsewhere (e.g.
ngal ≈ 0.007 Mpc−3 in Macquart & Koay 2013).
Probability estimate The integrand of Eq. (26) defines a
prior piInter(z) for the LoS to intersect a galaxy at redshift z,
which can be used to obtain the likelihood, e.g. of RM, from
intervening galaxies along a LoS to source redshift zFRB,
L(RMInter|zFRB) =
zFRB∫
0
L(RMInter|z) piInter(z) dz. (28)
By sampling the entire ensemble of models provided by Ro-
drigues et al. (2019), all types of axisymmetric galaxies could
intervene the LoS. We pick a sample of ≈ 106 galaxy mod-
els and compute for each a number of 10 LoS. The results
for this sample of ≈ 107 LoS provides a converged estimate
of the likelihood for the contribution of intevening galaxies,
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without knowledge of the inclination angle, galaxy type or
position along the LoS. Again, likelihoods above 1 per cent
are accurate to less than 0.003 per cent.
Probability of intervening galaxies We assume that all
progenitors of FRBs are located within a galaxy. Thus, for
a FRB hosted at redshift zFRB, the normalization, e. g. of∫
L(RMhost|zFRB) dRMhost = 1, indicates that the host con-
tributes RMhost within the range of L(RMhost|zFRB) to each
LoS. In order to represent the probability of intersecting an-
other galaxy, L(RMInter|zFRB) must be normalized to the
expected average number of intervening galaxies per LoS,
(Eq. (26))
NInter(zFRB) =
∫
L(RMInter|zFRB) dRMInter, (29)
indicating that RMInter are only contributed to NInter < 100
per cent of LoS. The correct normalization NInter highly de-
pends on the choice of rgal, which should thus represent the
size of galaxy model considered for computation. The results
for NInter(z) and piInter(z) are shown in Fig. 3. Compared to
results of Macquart & Koay (2013), we expect more galaxies
to intersect the LoS to low redshifts z < 3, e.g. they expect
less than 5 per cent of LoS to z = 1.5 compared to < 10 per
cent for the Rodrigues19 sample, which is due to the ≈ 4
times higher ngal at z = 0. However, we expect less LoS to
high redshift z > 3 to be intervened, e.g. they expect < 40
per cent for z = 4, while only < 30 per cent in Rodrigues19.
Though the decreasing size of galaxies is partly responsi-
ble, this feature is dominated by the artificial choice to not
account for galaxies with M? < 10
7 M.
Intervening galaxy scattering For the temporal smear-
ing τ by an intervening galaxy, Deff depends on redshift
of both, the source zFRB and the intervening galaxy zInter,
requiring explicit computation of Deff in Eq. (6), Since
only global factors are applied to SMeff , the expected con-
tribution of intervening galaxies at redshift zInter to SM,
L(SMInter|zInter), and to τ , L(τInter|zFRB, zInter), observed
for FRBs hosted at redshift zFRB, are of identical shape (cf.
Eq. (23)). The likelihood L(τInter|zFRB) for contribution of
an intervening galaxy at unknown redshift to the signal from
source at zFRB is obtained by the prior-weighed integral over
zInter,
L(τInter|zFRB) =
∫
L(τInter|zFRB, z) piInter(z) dz , (30)
with piInter(z) from Eq. (26).
4.4 Local environment
Model description and probability estimate Here, we
assume that all FRBs are produced by magnetars (Metzger
et al. 2017; Zanazzi & Lai 2020). The contribution to the
DM and RM from the local environment of a young neutron
star are described in Piro & Gaensler (2018). More details on
this model, the Monte-Carlo simulation to obtain probability
estimates as well as the considered priors can be found in
Hackstein et al. (2019), where we quantify predictions of
the DM and RM. We consider a sample of 107 events, thus
likelihoods above 1 per cent are accurate to less than 0.003
per cent. Note that the majority of magnetars in this model
are of decent age > 102 yr and thus contribute rather low
amounts of DM and RM (cf. Figs. 7 & 8 in Piro & Gaensler
2018).
Local scattering To estimate the SM contributed by
the local environment of a magnetar, we use Eqs. (3) & (5).
Calculation of the SM is hence almost identical to DM,
SM = αcL
−2/3
0
∫
n2e dl, (31)
where αc is a factor and L0 the outer scale. Assuming that
ne is constant within the different regions of the supernova
remnant, their contribution can be computed as (cf. to Eqs.
10 & 13 in Piro & Gaensler 2018)
SMSNR = αcL
−2/3
0 n
2
r(Rc −Rr), (32)
SMISM = 16αcL
−2/3
0 n
2(Rb −Rc), (33)
for the uniform case and (cf. to Eqs. 38 & 39 in Piro &
Gaensler 2018)
SMSNR = αcL
−2/3
0 n
2
r(Rc −Rr), (34)
SMw,sh = 16αcL
−2/3
0 n
2(Rb −Rc), (35)
SMw,unsh = αcL
−2/3
0 n
2Rb, (36)
for the wind case, where αc = 0.18 kpc m
−20/3, L0 is in
pc, n and nr are in cm
−3. Equations for nr as well as
radii Rb and Rc are given in Piro & Gaensler (2018). For
L0 we assume the size of the supernova remnant Rb. To
obtain the observed SMeff caused by the local environment
at cosmological distance, these results are shifted to the
redshift, zFRB, by applying factor (1+zFRB)
−2, according to
Eq. (4). For our benchmark model, we consider magnetars
in the wind case, embedded in an environment dominated
by stellar winds from the heavy progenitor star.
Inside the host galaxy, the angular diameter distance to
source and lensing material are almost identical, DS ≈ DL
(cf. Eq. (6)), henceDeff ≈ DLS . To estimate scattering in the
host galaxy, Deff should be characteristic for the distance to
the bulk of material (Macquart 2004). A reasonable choice is
half the path length of LoS inside the host galaxy, obtained
for the individual LoS. For the local environment of the FRB
progenitor, Deff is well approximated by half the size of the
environment. In case of the magnetar model, this is half the
size of the supernova remnant, Deff = Rb/2. Obviously, zL is
identified with the redshift of the host galaxy zFRB, allowing
us to calulate τ from Eq. (6).
4.5 Redshift distribution
Reasonable choices for the redshift prior of FRBs pi(z)
should assume a physically motivated intrinsic distribution
of z and consider instrument responses that determine the
detectable subset of the population. frbpoppy3 (Gardenier
et al. 2019) is a python-package built to investigate the pop-
ulation of FRBs. It allows to assume reasonable intrinsic
redshift distributions and to apply the selection effects of
individual instruments due to sensitivity, wavelength range,
or time resolution.
3 github.com/davidgardenier/frbpoppy
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Figure 4. Top: Intrinsic distribution of host redshift for FRBs in
case of FRB redshift distribution following stellar mass density
(SMD, dashed), comoving volume (coV, solid) or star formation
rate (SFR, dotted) (Eqs. (37) - (39)). Others: distribution of red-
shifts, expected to be observed by Parkes, CHIME or ASKAP
(top to bottom). These estimates serve as a prior for redshift
pi(z) in the interpretation of z-dependent measures of unlocalized
FRBs. The barely visible error bars show the shot noise of the
Monte-Carlo sample. The redshift bins are scaled linearily, thus
each bin has the same ∆z = 0.1.
Assumed intrinsic redshift distribution We consider
three different intrinsic redshift distributions for FRBs, pre-
sented by Gardenier et al. (2019). The simplest assumption
is a constant number density of FRBs,
nFRB = const. (37)
This suggests the redshift distribution of FRBs to have a
constant comoving density across epochs (coV).
Many models consider stellar objects or the merger of
those as sources of FRBs. These are more likely to occur in
regions with a high number density of stars, thus suggesting
the redshift distribution of FRBs to follow the evolution of
the stellar mass density (SMD, Madau & Dickinson 2014),
nFRB =
∫ ∞
z
(1 + z′)1.7
1 + [1 + z′)/2.9]5.6
dz′
H(z′)
. (38)
Young neutron stars and magnetars are widely consid-
ered to be the most likely sources of FRBs. Such stars are
more likely to be found in the vicinity of star-forming re-
gions, implying the FRB redshift distribution to follow the
evolution of the cosmic star formation rate (SFR, Madau &
Dickinson 2014),
nFRB =
(1 + z′)2.7
1 + [1 + z′)/2.9]5.6
. (39)
All other parameters are set to the values of the complex
population presented in Gardenier et al. (2019). In Fig. 4 we
show the intrinsic distribution of host redshifts, assuming
the FRB population to follow SMD, coV or SFR, as well as
corresponding pi(z) expected to be observed with ASKAP
(in coherent mode), CHIME or Parkes.
Probability estimate Using frbpoppy, we generate a
random sample of 107 FRBs and their intrinsic properties,
such as luminosity and pulse width, following one of the
assumed redshift distributions. Subsequently, we apply the
selection effects of ASKAP, CHIME and Parkes to filter out
FRBs that can actually be measured by those instruments.
The initial parameters are optimized in order to reproduce
the observed distribution of DM and fluence (for more de-
tails, see Gardenier et al. 2019). The redshift distribution of
the intrinsic and selected samples is shown in Fig. 4. The
latter serve as prior pi(z) on the host redshift of unlocalized
FRBs observed by the corresponding telescope. With a re-
maining sample size of at least 3× 104, likelihoods above 1
per cent are accurate to less than . 0.05 per cent.
Discussion The main parameter responsible for the
difference in source selection is the gain of the telescope. The
values of gain used in frbpoppy ranges from 0.1 K Jy−1
(ASKAP) over 0.69 K Jy−1 (Parkes) to 1.4 K Jy−1
(CHIME). Since FRBs at large redshifts are too faint to
be observed, our results suggest that the cosmic volume
probed by ASKAP is not expected to go beyond z ≈ 1.0.
In this range, the populations can hardly be distinguished
since they are all dominated by the increasing volume.
However, Parkes and CHIME have rather similar pi(z) and
the chance to observe FRBs at higher redshift z > 1.0
differs reasonably between the assumed intrinsic redshift
distributions. The generally low distance of FRBs observed
by ASKAP makes them more vulnerable to the unknown
local contributions.
Note that FRBpoppy uses estimates, e.g. of DM(z),
in order to decide how many FRBs will be observed at a
given redshift. Theses estimates have been produced using
slightly different assumptions on the contributing regions.
However, the DM is dominated by the IGM and the analyt-
ical description used in FRBpoppy provides a good match
to our estimates. Hence, we argue that this does not alter
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the general conclusions of this work. In the future, we plan
to converge the assumptions used in FRBpoppy and Pre-
FRBLE in order to provide consistent results. However, this
is not trivial, as the change in one parameter can influence
the best-fitting choice for other parameters, thus requires
a repetition of the inference presented in Gardenier et al.
(2019).
5 APPLICATIONS
5.1 Identification of intervening galaxies
5.1.1 Method
In Fig. 5 we show the complementary cumulative likelihood
L(> τ) of extragalactic τ expected to be observed by differ-
ent instruments in three similar versions of our benchmark
scenario. Each considers contributions from the local envi-
ronment of the source, assumed to be a magnetar, the host
galaxies and the IGM (see Sec. 4). The three versions are
i. no intervening only LoS without intervening galaxies.
ii. only intervening LoS with a single galaxy along the LoS,
at random redshift according to piInter(z) (Fig. 3).
iii. realistic LoS with and without intervening galaxies.
The ratio of their number for sources at redshift zFRB is
given by NInter(zFRB) (Fig. 3).
We quantify the likelihood of FRBs observed with τ to
have an intervening galaxy along the LoS by computing the
Bayes-factor B (Eq. (12)) as the ratio of L(τ) in the two
extreme scenarios. B(τ) > 100 signals that τ is 100 times
more likely to be observed in case of an intervening galaxy.
However, according to Bayes theorem (Eq. (13)), in order to
factor in our previous knowledge, B has to be multiplied by
the ratio of priors, which can be identified as the expected
number of LoS which contain at least one intervening galaxy
piI. In our model, this can be obtained by integrating the ex-
pected number of LoS with intervening galaxiesNInter(zFRB)
(Eq. (26)) as function of source redshift zFRB, multiplied by
prior of source redshift pi(zFRB), obtained in Sec. 4.5,
piI =
∫
NInter(zFRB) pi(zFRB) dzFRB. (40)
Assuming the intrinsic distribution of zFRB to follow SMD,
we predict intervening galaxies along LoS for piI = 2.5 per
cent, 5.9 per cent and 6.2 per cent of FRBs observed by
ASKAP, CHIME and Parkes, respectively.
Multiplying the corresponding ratio of priors piI/(1−piI)
to B yields the ratio of posteriors P (Eq. (13)). However,
the ratio of posteriors does not exceed 100, marking 99 per
cent certainty of an intervening galaxy along the LoS. This
is because the scenario without intervening galaxies cannot
provide τ > 0.06 ms, according to our models, while the
ratio of P for slightly lower values of τ does not yet reach
100.
5.1.2 Results
For FRBs observed by ASKAP and Parkes at ν = 1300MHz,
τdist = 0.06 ms marks the minimum temporal broadening
that is certainly associated to an intervening galaxy. Also, for
FRBs observed by CHIME at lower characteristic frequency,
ν = 600 MHz, where scattering effects are more severe (see
Sec. 2.3), τdist = 1.8 ms. We find that 26.8 per cent, 30.8
per cent and 30.6 per cent of the sightlines with intervening
galaxies will show τ > τdist, for ASKAP, Parkes and CHIME,
respectively. Thus, we predict that these telescopes observe
0.7 per cent, 1.9 per cent, and 1.8 per cent of FRBs with τ ≥
τdist. However, for the FRBs listed in FRBcat, we find 3.6 per
cent, 48 per cent and 20 per cent above the corresponding
τdist.
5.1.3 Discussion
The expected number of LoS with intervening galaxies
is smaller for ASKAP since a narrower redshift range is
probed than by CHIME and Parkes (cf. Fig. 4). Deff is
significantly smaller at z < 1 and galaxies are denser
and more turbulent at higher z, thus providing smaller
τ at lower redshift. The majority of LoS with τ < τdist
either cross smaller galaxies with a low contribution to
all measures, intersect only small parts of an intervening
galaxy, or the additional galaxy is located close to source
or observer, resulting in a sub-optimal Deff . Even though
most of significant contribution to the other measures, i.e.
DM and RM, will arise from the latter subset, consideration
of intervening galaxies is still necessary for reasonable
interpretation of those measures.
For all telescopes, the observed number of τ > τdist
in FRBcat is 5 to 25 times more than expected. Moreover,
the total number of LoS with intervening galaxies is reason-
ably smaller than this number. Thus, the high number of
τ > τdist observed by Parkes can hardly be attributed to in-
tervening galaxies alone, which might only account for . 13
per cent of these events. This is despite the fact, that we
expect a higher number of intervening galaxies than earlier
works (e.g. Macquart & Koay 2013). Note that we do not
consider the circumgalactic medium, which would certainly
increase this estimate.
For the contribution of the IGM, we assume a physically
motivated L0 = 1 Mpc, hence low contribution to τ . Still,
in order for the IGM to account for the remaining events,
L0 . 1 pc would be required.
Our magnetar model for the environment local to the
source is the only region that provides τ . τdist (see App.
B). However, from the recent observation of an FRB-like
radio burst from a Galactic magnetar, Margalit et al. (2020)
conclude that magnetars responsible for cosmological
FRBs result from other origins than normal core-collapse
supernovae, such as superluminous supernovae, accretion-
induced collapses or neutron star mergers. Such sources
can produce visible FRBs somewhat earlier (Metzger et al.
2017; Margalit et al. 2019), in a much denser and more
turbulent state of the remnant. These models might thus
account for a stronger scattering than our model.
Considering a higher mass threshold for galaxies than
M? ≥ 107 M will likely not affect the number of LoS
observed with τ > τdist in the realistic sample of FRBs, with
and without intervening galaxies. This is because massive
galaxies dominate τ and our model realistically considers
the galaxy stellar mass function, thus the amount of galaxies
with high mass, independent of the chosen minimum mass
of small galaxies. Still, other versions of galaxy formation
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Figure 5. Complementary cumulative distribution of τ expected to be observed with ASKAP (left), CHIME (center) and Parkes (right)
in our benchmark scenario, considering LoS with exactly one intervening galaxy (dotted-orange) or without any (dash-dotted-blue). The
excess of the former at τ0 shows how many more FRBs are expected with τ > τ0 for LoS with intervening galaxies. The solid green line
shows expectations for a realistic mix of LoS with and without intevening galaxies.
theory might differ in their predictions, e.g. of turbulence in
galaxies at large distance, thus potentially provide higher
amounts of τ > τdist, which will be visible in L(τ).
Here we assume that the number density of galaxies ngal
is uniform in space. However, ngal increases with the gas
density, as more galaxies reside in the dense environment
of galaxy clusters. Hence, a more sophisticated approach
should consider clustering, e.g. via density profile of LoS,
providing each with an individual prior for redshift of galaxy
intersection, piInter(z). This way, LoS with high contribution
from IGM, associated with high-density regions, would have
a higher chance of additional signal by intervening galaxies
with an increased chance for multiple intersections. In turn,
for LoS that mainly traverse low-density regions, the chance
for intervening galaxies would be lower. Accounting for clus-
tering of galaxies would increase the significance of results
from RM of FRBs regarding IGMFs and their cosmic origin
(Sec. 5.3). However, in this work we are mostly interested in
FRBs from high redshift, z & 0.5, which are most indicative
of the IGMF. On this scale, the structure of the Universe can
reasonably be considered as fairly homogeneous. We argue
that for FRBs from high redshift the statistical results are
almost identical to the more sophisticated approach, which
is necessary only for the correct interpretation of FRBs from
lower redshift.
Note that it is possible to obtain an estimate on the
redshift of an intervening galaxy, zInter, by comparing sce-
narios with piInter(z) = δ(z − zInter) for different possible
zInter. This is, however, beyond the scope of this paper and
will be investigated in the future.
5.2 Redshift estimate
5.2.1 Method
Earlier work has estimated the redshift of FRBs, zFRB, based
on their DM (Dolag et al. 2015; Niino 2018; Luo et al. 2018;
Pol et al. 2019). By comparing the likelihood L(DM|zFRB)
at different redshifts, upper limits on zFRB are obtained.
However, according to Bayes theorem (Eq. 13)
P (zFRB|DM) ∝ L(DM|zFRB) pi(zFRB), (41)
these estimates can be improved by using the posterior
P (zFRB|DM) that considers a reasonable prior of source red-
shifts, pi(zFRB). Not accounting for this prior is equivalent
to assuming the same number of FRBs from any redshift,
thus ignoring distribution and evolution of FRBs, the tele-
scopes selection effects as well as the fact, that the probed
volume increases with distance. The latter drastically low-
ers the amount of FRBs expected from low redshift z . 0.2,
independent of the history of sources. Walker et al. (2018)
used a pi(zFRB) deduced from the observed population of
gamma-ray bursts and showed that this allows to obtain
lower limits on zFRB. In Sec. 4.5, we derive a better mo-
tivated pi(zFRB), considering intrinsic redshift distributions
of FRBs as well as telescope selection effects. By evaluating
the contribution of each region along the LoS (see Secs. 4.1
- 4.4), assuming FRBs from magnetars, we can estimate the
distribution of extragalactic DMEG. We calculate the source
redshift of FRBs by extracting the expectation value and
3σ-deviation from the posterior P obtained by Eq. (41). In
Fig. 6 we show, as an example, the derivation of zFRB for the
localized Spitler burst. We obtain redshift estimates based
on DMEG = DMobs − DMMW for all FRBs listed in the
FRBcat (Petroff et al. 2016). These values of DMEG were
shown to be correct to u 30 pc cm−3 (Manchester et al.
2005). Results are shown in Table 1.
5.2.2 Results
We estimate the redshift of the Spitler burst to be z ≈ 0.31
Our over-estimate may be attributed to a strong local DM
accompanying the high RM & 105 of FRB121102.
We obtain 3σ lower limits on the redshift of FRBs in
FRBcat observed with DMEG ≥ 400 pc cm−3, thus provid-
ing the first reasonable estimates on the host redshifts of
a large set of unlocalized FRBs. For comparison, Pol et al.
(2019) derive lower limits for only a single FRB160102, ob-
served with DM ≈ 2596 pc cm−3.
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Figure 6. Example of the inference of host redshift for the localized Spitler-burst FRB121102, indicated by a red cross (Tendulkar
et al. 2017). Top left: Expected likelihood L(DMEG|z) assuming FRBs from magnetars in our benchmark scenario (Sec. 4) for increasing
redshift, indicated by the colorbar, together with the extragalactic DMSpitler ≈ 340 pc cm−3 inferred for the Spitler-burst. Top right:
Values of L(DMEG|z) at DMSpitler for increasing z, renormalized to 1 =
∫
L(z|DMSpitler)dz. Estimating the host redshift from this
function implicitly assumes all redshifts to host FRBs with same probability. Bottom left: Prior pi(z) for host redshift (Sec. 4.5) according
to three assumed distributions and selection effects of Parkes (cf. Fig. 4), that measured the displayed value of DMSpitler. These are more
realistic assumptions than uniform pi(z). Bottom right: Posterior P (z|DMSpitler), Eq. (41), for host redshift of the Spitler-burst for three
assumed populations together with the expected host redshift and 1σ standard deviation. The z ≈ 0.19 of the localized Spitler-burst is
on the edge of the 1σ deviation. The high estimate on z is probably due to an unlikely strong local contribution of DM, expected to
accompany the observed |RM | > 105 rad m−2 signal. Mainly due to vast increase of the probed volume with redshift, the likelihood for
the host to reside at z < 0.1 is lower by about a magnitude.
5.2.3 Discussion
In order to derive the most conservative lower limits, we
overestimate the intergalactic DMIGM, by assuming all
baryons to be localized in the ionized IGM, fIGM = 1,
thus associating the same value of DM with lower redshifts
than for smaller choices of fIGM. However, more realistic
estimates should account for the conservation of baryons,
which partly reside in collapsed regions along the LoS, thus
fIGM ≤ 0.9 (cf. Sec. 4.1).
Since at low z the redshift distribution of FRBs is
dominated by the increase of the probed volume, rather
than the history of the sources, the lower limits are con-
sistent among the different assumed scenarios. Lower values
of DMEG . 400 pc cm−3 are more likely to be caused by
the local environment or the host galaxy and can be ex-
plained by an FRB in the local Universe, thus do not allow
for a lower limit on their redshift. However, the local en-
vironment of magnetars in the local Universe have a very
small chance (. 0.02 per cent in our model) to contribute
DM > 103 pc cm−3, up to several 104 pc cm−3. Thus z = 0,
can never be entirely excluded. Still, the results obtained in
this section can be used to estimate the distribution of FRB
host redshifts from unlocalized events.
5.3 Inference of intergalactic magnetic field
5.3.1 Method
In this Section we discuss the use of the DM and RM of
unlocalized FRBs to put constraints on the index α of B-ρ-
relation in the IGM (cf. Eq. 20 and Fig. 2). However, since
the RM has the same dependency on the free electron den-
sity ne as DM, it is likewise affected by fIGM – see Eqs.
(16) - (19). We assume fIGM = 0.9 in order to maximize the
contribution of the IGM.
Combined inference of DM and RM According to
Eq. (11), the full information from, both, DM and RM of
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ID DMobs / pc cm
−3 DMMW / pc cm−3 zSFR(DM) zcoV(DM) zSMD(DM)
FRB190604 552.7 32.0 0.54+0.36−0.44 0.52
+0.38
−0.42 0.51
+0.39
−0.41
FRB190417 1378.1 78.0 1.28+0.72−0.78 1.24
+0.76
−0.84 1.19
+0.81
−0.79
FRB190222 460.6 87.0 0.39+0.31−0.29 0.37
+0.33
−0.27 0.37
+0.33
−0.27
FRB190212 651.1 43.0 0.62+0.38−0.42 0.60
+0.40
−0.40 0.59
+0.41
−0.49
FRB190209 424.6 46.0 0.39+0.31−0.29 0.37
+0.33
−0.27 0.37
+0.33
−0.27
FRB190208 579.9 72.0 0.52+0.38−0.42 0.50
+0.40
−0.40 0.50
+0.30
−0.40
FRB190117 393.3 48.0 0.36+0.24−0.26 0.34
+0.26
−0.24 0.34
+0.26
−0.24
FRB190116 444.0 20.0 0.44+0.26−0.34 0.42
+0.28
−0.32 0.42
+0.28
−0.32
FRB181017 1281.9 43.0 1.22+0.68−0.72 1.18
+0.72
−0.78 1.14
+0.76
−0.74
FRB180817 1006.8 28.0 0.98+0.62−0.58 0.94
+0.66
−0.64 0.92
+0.58
−0.62
FRB180812 802.6 83.0 0.73+0.47−0.43 0.70
+0.50
−0.50 0.69
+0.41
−0.49
FRB180806 740.0 41.0 0.71+0.49−0.51 0.68
+0.42
−0.48 0.67
+0.43
−0.47
FRB180801 656.2 90.0 0.58+0.42−0.38 0.56
+0.34
−0.46 0.55
+0.35
−0.45
FRB180730 849.0 57.0 0.80+0.50−0.50 0.77
+0.53
−0.57 0.76
+0.54
−0.56
FRB180727 642.1 21.0 0.63+0.37−0.43 0.61
+0.39
−0.41 0.60
+0.40
−0.50
FRB180725 716.0 71.0 0.66+0.44−0.46 0.63
+0.47
−0.43 0.62
+0.48
−0.42
FRB180714 1467.9 257.0 1.21+0.69−0.71 1.17
+0.73
−0.77 1.13
+0.77
−0.73
FRB180311 1570.9 45.2 1.50+0.90−0.90 1.47
+0.93
−0.87 1.41
+0.89
−0.91
FRB171209 1457.4 13.0 1.43+0.87−0.83 1.39
+0.91
−0.89 1.34
+0.86
−0.84
FRB160102 2596.1 13.0 2.45+1.65−1.25 2.53
+1.77
−1.43 2.31
+1.69
−1.51
FRB151230 960.4 38.0 0.93+0.57−0.53 0.90
+0.60
−0.60 0.88
+0.62
−0.58
FRB151206 1909.8 160.0 1.70+1.00−0.90 1.68
+1.12
−1.08 1.59
+1.11
−0.99
FRB150610 1593.9 122.0 1.45+0.85−0.85 1.42
+0.88
−0.92 1.36
+0.84
−0.86
FRB150418 776.2 188.5 0.60+0.40−0.40 0.58
+0.42
−0.48 0.57
+0.43
−0.47
FRB150215 1105.6 427.2 0.69+0.41−0.49 0.66
+0.44
−0.46 0.65
+0.45
−0.45
FRB140514 562.7 34.9 0.54+0.36−0.44 0.52
+0.38
−0.42 0.51
+0.39
−0.41
FRB131104 779.0 71.1 0.72+0.48−0.52 0.69
+0.41
−0.49 0.68
+0.42
−0.48
FRB130729 861.0 31.0 0.85+0.45−0.55 0.81
+0.49
−0.61 0.80
+0.50
−0.60
FRB130628 469.9 52.6 0.42+0.28−0.32 0.41
+0.29
−0.31 0.41
+0.29
−0.31
FRB130626 952.4 66.9 0.90+0.50−0.60 0.86
+0.54
−0.56 0.84
+0.56
−0.54
FRB121002 1629.2 74.3 1.53+0.87−0.83 1.50
+1.00
−0.90 1.44
+0.96
−0.94
FRB120127 553.3 31.8 0.54+0.36−0.44 0.52
+0.38
−0.42 0.51
+0.39
−0.41
FRB110703 1103.6 32.3 1.08+0.62−0.68 1.04
+0.66
−0.74 1.01
+0.69
−0.71
FRB110626 723.0 47.5 0.69+0.41−0.49 0.66
+0.44
−0.46 0.65
+0.45
−0.45
FRB110220 944.4 34.8 0.93+0.57−0.53 0.89
+0.61
−0.59 0.87
+0.53
−0.57
FRB090625 899.5 31.7 0.88+0.52−0.58 0.84
+0.56
−0.54 0.83
+0.57
−0.63
FRB010312 1187.0 51.0 1.14+0.66−0.64 1.10
+0.70
−0.70 1.07
+0.73
−0.77
FRB010125 790.0 110.0 0.70+0.40−0.50 0.67
+0.43
−0.47 0.66
+0.44
−0.46
Table 1. Redshift estimates for 38 FRBs catalogued in FRBcat (Petroff et al. 2016) with observed DMobs and estimated Galactic
foreground DMMW with DMobs − DMMW & 400 pc cm−3 (exact number depends on observing telescope), for which we can estimate
3σ lower limits (cf. Fig. 6). 3σ ranges are computed numerically and show the outer edges of the range that contains > 99.7 per cent
of probability, which yields conservative estimates, as an exact computation would result in a more narrow range. We obtain estimates
assuming all baryons to be localized in the ionized IGM, fIGM = 1, in order to arrive at the most conservative lower limits, since for
lower fIGM, the same value of DMEG is associated with further distance. We are able to obtain lower limits on the host redshift by
applying Bayes theorem (Eq. (12)), combining the full likelihood L(DM|z), assuming FRBs from magnetars in our benchmark scenario
(Sec. 4), with a prior pi(z) on host redshift derived in Sec. 4.5. Assuming different redshift distributions of FRBs, see Fig. 4, does not
affect the lower limits, since they all share the increase of the probed volume that dominates their shape at low redshift.
the same unlocalized event can be obtained as
L(DM, RM|, α) =
∫
pi(z) L(DM|z) L(RM|z, α) dz, (42)
thus delivering us the combined likelihood of fIGM and α.
The likelihoods L(DM|z) and L(RM|z) represent our expec-
tations for the extragalactic contribution to DM and RM,
respectively, for FRBs produced at magnetars in our bench-
mark scenario that considers all regions along the LoS (see
Sec. 4), including intervening galaxies. Eq. (42) can be in-
terpreted by identifying the RM-free part of the integrand
with the posterior (Eq. (41)) shown in lower-right plot of
Fig. 6 , which quantifies our expectation for the host red-
shift based on DM of the individual unlocalized FRB. This
posterior, in turn, acts as the prior for host redshift when in-
terpreting RM regarding the IGMF. This detailed combined
analysis of expected distribution of DM and RM for FRBs
from different possible host redshift allows to obtain the full
information entailed in the observables of FRBs. By renor-
malizing L(DM,RM) to the same choice of α for all events,
we obtain the Bayes factor B (Eq. 12). Since we assume that
all α have identical priors, pi(α) = const., B is identical to
the ratio of posteriors.
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Figure 7. Complementary cumulative (top) and differential (bot-
tom) distribution of RMEG expected to be observed by CHIME,
assuming FRBs from magnetars in our benchmark scenario (Sec.
4), their redshift distribution to follow SMD and an amount of
baryons in the IGM, fIGM = 0.9. Colors indicate different choices
for exponent α of the B-ρ-relation (Eq. (20)). The error bars
that represent sampling shot-noise are barely visible, rendering
the small difference significant. The amount of observable FRBs
with RMEG ≥ 10−1 rad m−2 (top) as well as the renormalized
distribution of reasonable RMEG > 1 rad m
−2 (bottom) is in-
fluenced by the strength of IGMFs. This is true, independent of
models chosen for the other regions along the LoS. RMEG > 10
2
are almost completely determined by the local environment and
thus not shown here. Our results show that the Spitler burst
observed with |RM| > 105 rad m−2 is a one-in-a-million source
L(> 105 rad m−2) . 10−6. However, due to its high rate of rep-
etition, likelihood of detection is certainly much higher.
Mock sample Here we estimate how many unlocalized
CHIME4 FRBs are required in order to measure α. To this
end, we produce mock samples of FRBs, sampling DM and
RM according to estimates in our benchmark scenario (Fig.
7, Sec. 4), assuming the weakest of IGMFs, i.e. α = 9/3.
Investigation of the IGMF with unlocalized FRBs is degen-
erate to the host redshift distribution and fIGM, prevent-
4 Note that we are mostly interested in RM  103 rad m−2,
which can be probed at low frequencies (Fonseca et al. 2020)
ing reasonable conclusions in a joint analysis. We choose the
SMD distribution which peaks at lowest redshift of the three
compared distributions, thus provides the smallest IGM con-
tribution to RM. The required number of FRBs will hence be
lower for the other distributions that peak at more distant
redshift. We further assume the maximum possible amount
of baryons in the IGM, fIGM = 0.9, as suggested by the
Macquart relation (Macquart et al. 2020). By increasing the
sample size NFRB, we investigate how many FRBs are re-
quired in order to rule out choices of α, i.e. B(α) < 10−2. For
each value of NFRB, we take 10 samples, for which we com-
pute the total value for B and show the logarithmic mean
and standard deviation in Fig. 8.
5.3.2 Results
In Fig. 7 we show the likelihood of RMEG to be observed
by CHIME, assuming the redshift distribution of FRBs to
follow SMD. The top plot shows the likelihood of FRBs ob-
served with |RMEG| > 0.1 rad m−2 which decreases from
70.6 per cent for α = 1
3
to 59.2 per cent for α = 9
3
.
However, the number of observed FRBs expected to have
|RMEG| > 1 rad m−2 for α = 13 is 30.7 per cent and 29.5
per cent for α = 9
3
, thus hard to distinguish.
Still, the lower α, i.e. the stronger the IGMF, the
more FRBs with 0.1 rad m−2 . |RMEG| < 10 rad m−2
will be observed. This qualitative result is independent on
the exact model of IGMF or assumptions regarding the
other regions. Thus, the number of FRBs observed with
significant RMEG in a survey with systematically extracted
RM is a good indicator for the IGMF. However, the
expected likelihood of |RMEG| > 0.1 rad m−2 will change
when other models are considered and perhaps hamper the
inference of the IGMF. Note that the assumed models for
local environment and host galaxy have a decent chance to
provide |RMEG| < 0.1 rad m−2, due to old magnetar ages
or bimodal distribution of galactic magnetic fields with
many virtually unmagnetized galaxies, thus allow for the
inference of IGMFs. The contribution of assumed models
for the individual regions to the total observed signal can be
seen in App. B. This stresses how important it is to exactly
estimate all contributions in order to correctly interpret the
observed number and distribution of RM.
The bottom plot of Fig. 7 shows that the differential
change in the amount of RMEG significantly changes the dis-
tribution of |RMEG| > RMmin = 1 rad m−2, which can be
used to infer α from this sub-sample only. Hence, data with
carefully subtracted galactic foregrounds can be used to con-
strain the IGMF. Note that we assume |RMEG| > RMmin =
1 rad m−2 can be inferred with precision of 1 rad m−2, de-
termined by the minimal range of bins, by removing the
Galactic foreground, e.g. using a Wiener filter Oppermann
et al. (2015); Hutschenreuter & Enßlin (2020).
However, the results in Fig. 7 show differences beyond
the statistical noise even if we choose higher minimum acces-
sible values of RMEG, 1 rad m
−2 . RMmin < 10 rad m−2.
Thus, constraints on α might also be possible if the MW
foreground can be removed with slightly worse precision
than 1 rad m−2. This stresses the importance of reliable
estimates of the Galactic contribution to the RM as well
as confirming the results of Galactic foreground filters with
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Figure 8. Bayes factor B for different values of α for mock sam-
ples of FRBs with increasing size NFRB assumed to be observed
by CHIME in our benchmark scenario assuming FRBs from mag-
netars, the weakest IGMF model (α = 9
3
), a redshift distribu-
tion following SMD, as well as fIGM = 0.9. The error bars show
the standard deviation for the results of 10 samples of similar
size. B factors for all α compare to the case of α = 9
3
, thus
B(α0) < 1e − 2, marked by the gray line, are considered deci-
sive to rule out α0. The transition of B(NFRB|α0) through that
line marks the minimum required number of FRBs observed with
RMEG > 1 rad m
−2 to constrain α > α0.
robust models for the density and magnetic field of the MW
(Boulanger et al. 2018).
Fig. 8 shows that at least NFRB = 10
3 FRBs observed
with RMEG ≥ 1 rad m−2, which is . 1/3 of all events, are
required in order to constrain α < 1
3
, i.e. constraints com-
parable to the current upper limit (B < 4.4 nG Planck Col-
laboration et al. 2016). Moreover, for NFRB & 5× 104, most
α ≤ 8/3 are ruled out, allowing to probe the IGMF down to
the current lower limit (B > 3× 10−7 nG, Neronov & Vovk
2010).
However, in order to infer the IGMF down to the limit
by Neronov & Vovk (2010), a much greater sample is re-
quired than these telescopes can acquire in a life-time. In-
stead, this requires large arrays of telescopes that system-
atically observe several thousand FRBs each year – such as
the SKA (Macquart et al. 2015). Furthermore, the presented
estimates on NFRB are optimistic and depend on the exact
modelling of all regions along the LoS, which need to be
verified by other observables.
5.3.3 Discussion
By using the high value of fIGM = 0.9, we obtain the most
optimistic estimate for NFRB. For lower values of fIGM,
RMIGM is reduced and a lower number of LoS will be able to
significantly contribute to detectable RM. This in turn might
increase the number of FRBs NFRB, necessary to constrain
α, and this will also decrease the range of α detectable using
the RM.
Moreover, the ensemble used to model the host and the
intervening galaxies contains a significant number of galax-
ies that do not meet conditions for large-scale dynamos, and
thus can only carry weak coherent magnetic fields (cf. Sec.
4.2). This results in a rather low RM contribution from these
regions, compared to other works (e.g. Basu et al. 2018). The
galaxy models are considered to a distance, at which the sur-
face mass density falls to 1 per cent of the central value, and
thus do not account for the halo of galaxies, However, the
sources of FRBs might be located at the edge of their host
galaxies, if there is sufficient molecular gas to indicate star
formation. Such short LoS, especially within the numerous
low-mass M? & 107M galaxies, only contribute little to
the DM and RM. However, we implicitly assume that most
FRBs reside in MW-like galaxies, which contain most stel-
lar mass. Still, by considering the numerous low-mass central
galaxies of any possible brightness in the low density Uni-
verse, the model accounts for even weaker, though arguably
more realistic estimates of the galaxy contributions as com-
pared to other works.
Moreover, the elliptical galaxies in the Ro-
drigues19 sample only account for negligible contributions
to RM as only the vanishing large-scale magnetic field is
considered for computation. However, Moss & Shukurov
(1996) suggest that high values of RM, up to 100 rad m−2,
might possibly be observed from ellipticals with sufficient
resolution, which prevents the beam width to contain
many correlation lengths whose Faraday rotation interfere
destructively. The small angular extent of FRBs renders
their RM independent of the instruments angular resolution
and hence might carry even higher values of RM from
their elliptical host. Future works should thus consider a
more realistic estimate of the contribution from turbu-
lent magnetic field in elliptical galaxies. Overall, the low
strength of coherent magnetic fields predicted by Rodrigues
et al. (2019) implies that our conclusions on the IGMF are
optimistic (see Sec. 5.3).
Furthermore, the contribution of the local environment
is not well constrained and can significantly affect the shape
of L(RMEG), which might be misinterpreted as signal of the
IGMF. In App. B we provide a comparison of the contri-
butions of different regions to the observed distribution of
measures. This shows that basically all regions along the LoS
provide significant amounts of RM. Though we could show
that RM of FRBs carry detailed information on IGMFs, we
might not be able to extract this information, owing to the
imprecise knowledge of foregrounds. This stresses the im-
portance to investigate FRBs with identified hosts, whose
contribution can be estimated more precisely, as well as to
identify the source of FRBs to more exactly quantify the
contribution of the local environment. However, even under
these circumstances, the contributions of regions different
than the IGM may hardly be known with required precision.
In future works we will consider further models for the other
regions along the LoS in order to identify model-independent
signals of the IGMF .
Unambiguous identification of IGMFs solely via
L(RMEG) of FRBs requires realistic modelling of all
contributions and an exact fit to the observed distribution.
However, there might be several fitting scenarios that
consider different models. Distinguishing between those
solutions requires their verification using other measures of
FRBs or different astrophysical signals. In future works we
aim to include more measures in PrEFRBLE, especially
propagation-independent measures that carry information
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about the source.
Note that the results in this section exclude Galactic
contributions to the RM. In order to constrain IGMFs, we
need to be sensitive for RMEG . few rad m−2. Hence, future
work should account for RM foregrounds due to the MW as
well as the ionosphere.
However, the estimate of NFRB are not affected by the
Galactic foregrounds that we assume can be removed with
precision of 1 rad m−2 to identify extragalactic components
RMEG ≥ 1 rad m−2.
6 CONCLUSION
We model the extragalactic contribution to propagation
dependent measures of FRBs from all regions along the
line-of-sight, including intervening galaxies, as well as the
distribution of host redshift. Using approximate Bayesian
computation, we estimate the expected distribution of dis-
perion measure, rotation measure and temporal smearing
τ and compare to observations. Our code is provided as
an open-source Python software package PrEFRBLE5
(Hackstein 2020).
We use PrEFRBLE to identify intervening galaxies,
estimate the host redshift of unlocalized FRBs and infer the
strength of the intergalactic magnetic field.
The main conclusions of our work can be summarized
as follows:
• We find that intervening galaxies are unlikely to account
for the entirety of high values of temporal smearing τ >
0.06 ms observed by the Parkes Telescope. The most likely
explanation is the presence of a denser and more turbulent
environment of the magnetar progenitor than expected from
Galactic magnetars. This is in line with earlier findings by
Margalit et al. (2020).
• By applying Bayes theorem and making physically mo-
tivated assumptions on the redshift distribution of FRBs,
we obtain realistic 3σ lower limits on the estimated redshift,
from a big sample of 38 unlocalized FRBs with DMEG &
400 pc cm−3 (see Tab. 1), independent on the exact shape
of assumed distribution of host redshift, and thus also inde-
pendent of source model and history.
• The stronger the IGMF, the more FRBs with
0.1 rad m−2 . |RMEG| < 10 rad m−2 will be observed. This
is independent of assumptions regarding the other regions
and on the exact model of IGMF. However, the exact num-
ber of FRBs with such RMEG is also influenced by the details
of other regions along the LoS, which all contribute signif-
icant amounts of RM and maybe hamper the inference of
IGMFs. In order to arrive at reasonable conclusions, more
competing models have to be considered for each of these
regions.
• In order to put constraints on the strength of IGMFs
of the order of the current upper limit (B . 4.4 × 10−9 G,
Planck Collaboration et al. 2016), we predict that a number
of at least 103 unlocalized FRBs with associated RMEG >
1 rad m−2 (i.e. . 1/3 of all events) is required to be observed
5 github.com/FRBs/PreFRBLE
with CHIME. For this estimate we assumed fIGM = 0.9, and
that Galactic foregrounds can be removed with a precision
of ≤ 1 rad m−2. Furthermore, it will be possible to derive
constraints of the order of the current lower limits from en-
tirely different proxies (B & 3 × 10−16 G, Neronov & Vovk
2010), once a higher number of events, & 5×104 FRBs, have
been observed with RMEG > 1 rad m
−2.
Our estimates of the extragalactic DM, RM and τ make
use of models for the local environment of the source, the
ensemble of host galaxies, the IGM as well as the ensemble
of intervening galaxies. However, we ignore the clustering
or haloes of host and intervening galaxies (e. g. Prochaska
et al. 2019b; Connor et al. 2020) and do not account for fore-
grounds from the MW, the Galactic Halo or Earth’s iono-
sphere, which we assume can be removed with sufficient pre-
cision to infer the extragalactic component. This will be the
subject of future work.
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Symbol units description
L(v|M) - model likelihood of measure v
in case of model M
pi(M) - prior of model M
P (M|v) - posterior of model M
in face of observed measure v
B(v|M1,M2) - Bayes factor, Eq. (12)
RM rad m−2 Faraday rotation measure
DM pc cm−3 dispersion measure
SM kpc m−20/3 scattering measure
τ ms temporal smearing
B µG magnetic field strength
B0 nG
comoving primordial
magnetic field strength
ρ g cm−3 baryonic gas density
α - exponent of |B| ∝ ρα relation
M? M total stellar mass of galaxy
Φ Mpc−3 galaxy stellar mass function
 - properties of galaxy
z - redshift
ngal Mpc
−3 number density of galaxies
rgal kpc disk size of galaxy model
r1/2 kpc galaxy half mass radius
dH Gpc hubble radius
C2N m
−20/3 turbulence per unit length
L0 pc outer scale of turbulence
l0 pc inner scale of turbulence
ne cm−3 electron number density
ν Hz frequency
λ cm wavelength
D Gpc angular diameter distance
Deff Gpc effective lense distance
Table 2. List of symbols used in the paper.
Subscript description
IGM intergalactic medium
FRB source of FRB
Host host galaxy
Inter intervening galaxy
Local local source environment
MW Milky Way
gal galactic
obs observed
res residual
eff effectively observed
L lensing medium
Table 3. List of subscripts used in the paper.
APPENDIX A: COMPARE INNER SCALE TO
PLASMA PHASE FLUCTUATIONS
Macquart & Koay (2013) provide numerical expressions for
the temporal scatter τ for plasma phase fluctuations rdiff
larger or shorter than the inner scale of turbulence l0. In
order to distinguish between these cases, we use their Eq. 10
to compute rdiff and compare to l0 = 1 AU, as commonly
assumed for the ISM. Results are shown in Fig. A1. Clearly,
for all values of SMeff we find that rdiff > l0 is a very good
assumption. This way, the wavelength of FRB signal λ0 is a
global factor to the different contributions and other choices
of λ0 can easily be investigated in post-processing.
MNRAS 000, 1–22 (2020)
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Figure A1. rdiff as function of contributed SMeff for wavelength
λ0 = 0.23 m, prodived by Macquart & Koay (2013). This is used
to distinguish between cases of phase structures with different
solutions for τ . The blue function shows results valid below l0,
orange is valid above l0. l0 = 1 AU is marked by the horizontal
line. For the models used in this work, all values of SMeff <
105 kpc m−20/3. We thus only need to consider results for the
case, where l0 > rdiff .
APPENDIX B: TELESCOPE PREDICTIONS
Considering an intrinsic distribution of FRB host redshifts
and selection effects (Sec. 4.5) allows to predict the distribu-
tion of measures expected for individual telescopes. In Fig.
B1 we show the contribution of separate regions to the ob-
served DM, RM and τ for different telescopes and intrinsic
redshift distributions. These are obtained from Eq. (10), us-
ing for L(v|z) the predictions of individual models explained
in Secs. 4.1 - 4.4. These plots allow to easily identify the re-
gions that dominate a given measure.
APPENDIX C: EFFECTIVELY
CONTRIBUTING OVER-DENSITY
ENVIRONMENTS
We want to use the RM data to distinguish between dif-
ferent models for the origin of IGMFs. Ideally, one would
hope to obtain constraints on the strength of the primor-
dial magnetic field B0, produced at z  10, by measuring
the magnetic fields in voids. Hence, we produced a number
of MHD simulations that consider identical dynamo physics,
but start with different strengths of the primordial magnetic
field. In Fig. C1, upper left, we show the |B| ∼ ρ relation
obtained for the present day. To compare the average con-
tribution to 〈RM〉 from regions with different densities, we
estimate the contribution per unit length by 〈dRM
dl
〉 ∝ ρ|B|,
shown in the upper right plot. We multiply this result by the
average relative path length, approximated by the model in-
dependent density volume filling factor, shown in the lower
left, in order to approximate the average contribution to
〈RM〉 from these regions, shown in the lower right of Fig. C1.
This plot clearly shows that even for the strongest
primordial magnetic fields allowed by present constraints
(Planck Collaboration et al. 2016), contributions to 〈RM〉
are negligible from regions with over-densities below 0.1,
where the comoving primordial magnetic field strength
might be conserved. Hence, 〈RM〉 is not a direct probe of the
magnetic field in voids or of the primordial magnetic field.
However, for over-densities associated with filaments
and sheets, 10 < ρ/〈ρ〉 < 200, different shapes of |B|(ρ) can
have a significant impact on 〈RM〉. Moreover, the statisti-
cal distribution of RM, expressed by the likelihood function
L(RM), allows for a more precise investigation of RM along
different LoS, especially of paths that do not enter high-
density regions, which dominate 〈RM〉. This way, L(RM)
can be used to constrain parts of |B|(ρ) to lower values of
ρ/〈ρ〉 < 10 than by using 〈RM〉, allowing to obtain general
conclusions on models for the IGMF, independent of the
individual formation processes.
APPENDIX D: PATH LENGTH OF LOS
THROUGH ELLIPSOID
We want to calculate the path length of a LoS within
an axisymmetric galaxy model, represented by a three-
dimensional ellipsoid with two identical axes bG, thus
1 =
x2
a2G
+
y2
b2G
+
z2
b2G
, (D1)
where x coordinate points along the major axis aG while
y and z are rotationally invariant. Viewed face on with in-
clination angle θ = 0, impact parameters ∆y and ∆z both
correspond to offset of the LoS from the center of the disc
along axes y and z, respectively. However, for θ 6= 0, ∆z also
entails an offset from the mid-plane at the center of the disc,
while only ∆y still corresponds to the y-axis of the ellipsoid.
Since the y-coordinate is completely determined by ∆y, it
suffices to consider a LoS passing an ellipse. Eq. (D1) can
be rewritten, such that
1 =
x2
a2G
(
1− y2
b2
G
) + z2
b2G
(
1− y2
b2
G
) , (D2)
which defines an ellipse with axes
a = aG
√(
1− y
2
b2G
)
(D3)
b = bG
√(
1− y
2
b2G
)
. (D4)
To obtain the path length LE of LoS L through ellipse r
viewed at angle θ with offset ∆z from the center (see Fig.
D1), we parametrize
L(t|θ) = t
(
sin θ
cos θ
)
+ ∆
(
cos θ
− sin θ
)
(D5)
and solve for intersections with ellipse
r(τ) =
(
b sin τ
a cos τ
)
, (D6)
found at
τ1/2 = −2 atan
(
b cos (θ)±
√
a2 sin2 (θ) + b2 cos2 (θ)− z2
a sin (θ)− z
)
.
(D7)
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Figure B1. Likelihood of contribution to DM (left), RM (center) and τ (right) to FRBs by individual regions along LoS, indicated in the
title, considering models in our benchmark scenario (Secs. 4.1 - 4.4). Assuming the redshift distribution of FRBs to follow coV (solid),
SMD (dashed) or SFR (dotted), distributions show the likely contribution of the model according to Eq. (10) in surveys conducted by
individual telescopes, i. e. CHIME (blue), ASKAP (orange) and Parkes (green, see Sec. 4.5). The x-axis is cut for values not accessible
by terrestrial telescopes, while the shown distributions are normalized to 1 over the whole range of x. Comparing these plots allows to
easily identify the dominant / significant / negligible regions and their contribution to observed values.
This delivers the path length of the LoS within the ellipsoid
LE =
√
a2 (cos (τ1)− cos (τ2))2 + b2 (sin (τ1)− sin (τ2))2.
(D8)
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Figure C1. Upper left: Median magnetic field strength |B| as function of over-density ρ/〈ρ〉 for a number of MHD models with identical
dynamo physics, starting with different strengths of the primordial magnetic field B0, indicated by the label in µG. Upper right: average
contribution to 〈RM〉 per unit length as function of over-density. Obtained by multiplying |B|(ρ)× ρ/〈ρ〉 in the upper-left panel. Lower
left: model independent density volume filling factor f(ρ). Lower right: average contribution of 〈RM〉 from regions in the IGM with
different over-density, which is obtained by multiplying 〈dRM〉 × f(ρ) (upper right times lower left). Some of the models are not visible
in that plot as they are identical to the case of B0 = 10−11 µG and the y-axis is set to only show the relevant contribution to 〈RM〉.
Models that are identical in this plot cannot be distinguished by investigation of 〈RM〉.
Figure D1. Path length LE of LoS L through ellipse r viewed
at angle θ with offset ∆z from the center.
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